Broadband operation based on retracing behavior (RB) of the phase-matching curves in various quasi-phasematched materials with collinear, non-collinear, and quasi-collinear phase-matching schemes is theoretically studied. Broadband operation is feasible only at the degenerate point in a collinear configuration with a specific pump wavelength, BC . Such a constraint sets a significant limitation on application of that scheme. With a noncollinear or a quasi-collinear phase-matching configuration the conditions and the resultant output signal ranges of broadband operation are much more flexible, particularly those that are useful for fiber communications and optical imaging of biological tissues. In a signal-resonated (idler-resonated) optical parametric oscillator (OPO) with a noncollinear or a quasi-collinear configuration, RB and hence broadband operation can be observed only for pump wavelengths shorter (longer) than BC . Also, broadband operation for an idler-resonated OPO with a pump wavelength longer than BC can be obtained only at the degenerate point. Nevertheless, broadband phenomena for a signal-resonated OPO with a pump wavelength shorter than BC can be observed either at or away from the degenerate points.
INTRODUCTION
Broadband optical sources are important for applications in many areas, including wavelength-division multiplexing signal generation, amplification, and wavelength conversion in fiber communications, optical coherence tomography for medical diagnosis, and spectroscopic research of wide excitation tunability. For wavelength-division multiplexing fiber communications, besides conventional erbium-doped fiber amplification and stimulated Raman scattering in fiber, (2) nonlinear optics has been considered for broadband signal amplification based on engineered quasi-phase matching (QPM) in LiNbO 3 . 1 Also, if broadband operation is available near the degenerate point in a (2) process, wavelength conversion of a wide range of channels can be implemented based on difference-frequency generation. 2, 3 In comparison with erbium-doped fiber amplifiers and semiconductor optical amplifiers, a (2) nonlinear optics process for fiber communication has the advantages of being a high-frequency process and suffering less amplified-spontaneousemission noise and less cross talk. In the application of optical coherence tomography, which is an important technique for medical diagnosis, a broader source bandwidth results in higher spatial resolution in the scanning depth dimension. 4 Therefore broadband sources are crucially important for the development of optical coherence tomography. In this application, either cw or greater than kilohertz pulsed signals are required for sample scanning. Although light generation based on (2) nonlinear optics has not been used for this purpose, its potential deserves further exploration.
Retracing behavior (RB) of a phase-matching curve (output wavelength relative to a phase-matching angle or another parameter) was well studied in birefringence phase matching (BPM). [5] [6] [7] [8] RB implies that a phasematched signal or idler wavelength is not a monotonically increasing or decreasing function of crystal orientation angle or another crystal-related parameter. In such a situation, more than one signal-idler set in a parametric process can be simultaneously phase matched. Also, the shape variation of a phase-matching curve usually results in an almost vertical curve under certain conditions, possibly leading to broadband parametric processes. Although broadband generation based on (2) nonlinear optics can be implemented near the degenerate points in optical parametric processes, 9,10 its applicable ranges are limited. In particular, the signal and idler contributions to a broadband output usually propagate in different directions, leading to difficulty in application. With RB used in various nonlinear crystals with either collinear or noncollinear BPM, broadband generation of more applicable ranges has been reported. [5] [6] [7] [8] Usually the availability of broadband generation with collinear phase matching is limited. With noncollinear phase matching, a larger variety of broadband operations is available. Experimentally, multiple-wavelength and broadband outputs based on RB in either a collinear or a noncollinear BPM scheme have been reported. 7, 8 Although QPM in the collinear configuration can increase interaction length without the problem of walk-off, some reports have demonstrated the advantages of an angle-tuned optical parametric oscillator (OPO) with periodically poled LiNbO 3 (PPLN; Refs. 11 and 12) and-KTiOPO 4 (KTP; Ref. 13 ) based on noncollinear interaction. Meanwhile, similarly to the BPM case, broadband generation with collinear QPM can be implemented near the degenerate point. Engineering quasi-phase-matched structures will make broadband generation also feasible.
14 In this paper we report systematic theoretical results of broadband operation based on RB with collinear, noncollinear, and quasi-collinear phase matching in four commonly used quasi-phase-matched crystals, including PPLN, periodically poled KTP (PPKTP), periodically poled KTiOAsO 4 (PPKTA), and periodically poled LiTaO 3 (PPLT). Although noncollinear pumping of quasi-phase-matched nonlinear processes has been reported, [11] [12] [13] we have not seen RB for broadband generation discussed in the literature. This paper is organized as follows: In Section 2 the phase-matching conditions for solving for RB are discussed. Conditions for and results of broadband operations based on RB with collinear, noncollinear, and quasicollinear phase matching in various QPM crystals are presented in Sections 3, 4, and 5, respectively. Typically, we prefer operation of the device at room temperature. Room-temperature operation is usually not difficult for crystals such as KTP, KTA and LT. However, because photoinduced damage will occur in LiNbO 3 with relatively high pump power, PPLN devices are usually operated at temperatures higher than 150°C. Therefore, in discussing RB and broadband generation in PPKTP, PPKTA, and PPLT we consider operation at room temperature, whereas temperatures of 150°C or higher are assumed for PPLN. Discussions of a few general rules for finding broadband operation, and our conclusions, are given in Section 6.
THEORETICAL ANALYSIS
In this section we present the theoretical formulations for RB calculations in quasi-phase-matched crystals. We pay particular attention to noncollinear phase matching configurations. Figure 1 shows the orientations of various interacting waves in a quasi-phase-matched crystal with a noncollinear phase-matching configuration. Here K p represents the wave vector of the pump beam, which lies at an angle from the QPM axis, i.e., in the direction of the QPM wave vector K g . K s and K i , which are the wave vectors of the signal and the idler, respectively, lie at angles ␦ and ␥ with respect to K p . Angle ␣ is the incident angle of the pump in air with respect to the QPM axis. For the noncollinear phase matching shown in Fig.  1 the phase-matching conditions are described by the following two equations:
Here p , s , and i are the wavelengths of the pump, the signal, and the idler, respectively. Throughout the entire paper we assume a wavelength of the signal shorter than that of the idler. n, which depends on wavelength and temperature T, is the material's refractive index. [15] [16] [17] [18] Parameter ⌫ represents the period of domain inversion or (2) coefficient distribution of the nonlinear crystal. Because of thermal expansion, ⌫ is dependent on temperature T; nevertheless, the dependence is usually weak. Also, integer m stands for the order of QPM used for phase matching. Note that, when ϭ ␦ ϭ ␥ ϭ 0, a collinear phase-matching configuration results. Equations (1) and (2) are to be solved for various conditions. We assume that m ϭ 1 for the first-order QPM in this paper.
RETRACING BEHAVIORS AND BROADBAND GENERATION WITH COLLINEAR PHASE MATCHING
RB can be observed with the collinear phase-matching configuration in quasi-phase-matched crystals. Figure 2 shows the collinear phase-matching curves relative to the QPM period of PPLN for various pump wavelengths ranging from 500 to 1000 nm with the temperature fixed at 150°C. We can observe RB of the phase-matching curve when the pump wavelength is 650-950 nm. One can see that, as the pump wavelength increases, the phasematching curve changes its shape. This implies that at a certain pump wavelength the tuning curve is retroflected, which results in an almost vertical phase-matching curve. Almost vertical phase-matching curves can be seen with the pump wavelength near 950 nm (Fig. 2) . Such phenomena are illustrated on a finer scale in Fig. 3 . With the pump at 960 nm and the PPLN period at 27.5 m, a vertical phase-matching curve from 1.68 to 2.24 m can clearly be seen (as is also apparent from the first row of Table 1 ). This pump wavelength is defined as BC . This wavelength becomes a key parameter in describing RB with noncollinear phase-matching configurations, as we discuss in Section 4. A vertical phase-matching curve implies the simultaneous generation of a broadband source. However, such broadband operation can occur only near the degenerate point when the pump wavelength is longer than 900 nm. When the broadband wavelength is greater than 1600 nm, the configuration is not suitable for fiber communication applications.
RB for collinear quasi-phase-matched optical parametric processes can also be observed in other materials, such as PPKTP, PPKTA, and PPLT. Broadband operations are also feasible in PPKTP, PPKTA, and PPLT. Pump wavelength BC for observing broadband operation in collinear phase matching with PPKTP, PPKTA, and PPLT is 900, 980, and 910 nm, respectively, when the temperatures of the compounds are fixed at 27°C. Again, broadband operation is feasible only near the degenerate point. The corresponding quasi-phase-matched periods and the resultant signal wavelength ranges are listed in the first rows of Tables 2-4. Note that the pump wavelength for observing a vertical phase-matching curve in the collinear configuration and hence the resultant broadband range might vary slightly with crystal temperature. However, under collinear phase-matching conditions the variation is quite limited. In all four quasi-phase-matched crystals with which we are concerned, BC values are always larger than 900 nm, and the resultant broadband outputs are outside the fiber communication wavelength range.
RETRACING BEHAVIORS AND BROADBAND GENERATION WITH NONCOLLINEAR PHASE MATCHING
In general, the maximum nonlinearity of quasi-phasematched material is d 33 (for PPLN, PPKTP, PPKTA, and PPLT). The collinear quasi-phase-matched configuration has the advantages of a large nonlinear coefficient and no walk-off. Therefore the crystal length can be as large as possible for efficient operation. 19 Nevertheless, a noncollinear configuration provides an extra parameter (the angle) for tuning a quasi-phase-matched OPO. [11] [12] [13] Also, the variation of this extra parameter results in RB. Because there are many variable parameters, certain constraints are required for simplifying the vector relationship described in Fig. 1 and by Eq. (1) and (2) . In the following discussions we shall always consider the operation of an OPO in which either a resonating signal or a resonating idler wave vector is defined to be parallel to the QPM axis. In other words, ␦, ␥ ϭ . In this situation we can vary the pump's incident angle () for various phase-matching conditions.
Figures 4, 5, and 6 show the tuning curves of a noncollinear signal-resonated PPLN OPO with pump wavelengths at 600, 800 and 1000 nm, respectively, for several QPM periods. The PPLN temperature was fixed at 160°C. With QPM, a phase-matching condition can be achieved only in a certain range of periods for a particular pump wavelength. Here we can observe RB with certain PPLN periods. For instance, RB can be observed with a period ranging from 18.8 to 20 m in an 800-nm-pumped signal-resonated PPLN OPO. We did not observe RB in a signal-resonated OPO with pump wavelength longer than a value that was shorter than 1000 nm, as shown in Fig.  6 . Nevertheless, RB can be observed in idler-resonated PPLN OPO with longer pump wavelengths, as shown in Fig. 7 , which was obtained with the same pump wavelength (1000 nm) as was Fig. 6 . It is interesting to find that, in a signal-resonated OPO with a noncollinear configuration, RB can be observed only for pump wavelengths shorter than that which leads to a vertical phasematching curve or to broadband operation in a collinear configuration, i.e., BC . Also, in an idler-resonated OPO with a noncollinear configuration RB can be observed only for pump wavelengths longer than BC . This rule seems quite general for various quasi-phase-matched crystals and even for the BPM. Broadband operation is feasible when RB can be observed. It was found that broadband operation for an idler-resonated OPO with pump wavelength longer than BC can be obtained only at degenerate points. However, broadband phenomena for a signal-resonated OPO with a pump wavelength shorter than BC can be observed either at degenerate points or in signal wavelength ranges away from the degenerate points. Figures 8 and 9 show the noncollinear phase-matching curves for a signalresonated PPLN OPO with a pump wavelength at 900 nm and for an idler-resonated PPLN OPO pumped at 1064 nm, respectively. The PPLN temperature for these two cases was fixed at 180°C. In Fig. 8 one can see a vertical curve for a signal near 1550 nm and an idler near 2.25 m when the PPLN period is 24.3 m and is ϳ1.24°. In Fig. 9 there are almost vertical phase-matching curves near the degenerate point. Such results are useful for wavelength conversion in fiber communications. 3 Unfortunately, the wavelength range is not within a useful window. In Table 1 are listed two sets of broadband data for a noncollinear phase-matched signal-resonated PPLN OPO. One set is good for signal amplification in fiber communication applications. The other is useful for optical coherence tomography applications.
Similar RB and broadband operation exists in other quasi-phase-matched crystals with noncollinear phase matching. Two sets of broadband data for PPKTP, PPKTA, and PPLT are given in Tables 2, 3 , and 4, respectively. The conditions of broadband operation in PPKTP, PPKTA, and PPLT are the same as for PPLN, as described above.
RETRACING BEHAVIOR AND BROADBAND GENERATION WITH QUASI-COLLINEAR PHASE MATCHING
Next, we consider a quasi-collinear configuration, as shown in Fig. 10 . In this configuration, two of the three interacting waves are parallel. Here we assume that the direction of signal propagation is parallel to that of the pump (␦ ϭ 0) for signal resonance. Figures 11 and 12 show the tuning curves of a quasi-collinear signalresonated PPLN OPO with pump wavelengths at 800 and 900 nm, respectively, for several corresponding periods. The crystal temperature was 180°C. We can observe RB in certain ranges of QPM periods. The major advantage of the quasi-collinear configuration is that pump and signal propagate together and hence the interaction length can be increased (compared with that in the noncollinear case). This is particularly useful in a waveguide structure. The major disadvantage of this method is that phase-matching angle usually must be large for RB to be observed. Because the refractive index of PPLN is quite large (near 2.2), the critical angle for total internal reflection is small (below 30°). Therefore we may need a wedge-cut PPLN for coupling waves into and out of the crystal.
Broadband operation with quasi-collinear configurations was shown in Figs. 11 and 12. Figure 13 shows optimum broadband conditions for amplifying fiber communication signals. In this quasi-collinear case, PPLN with a 15.2-m period is pumped with wavelengths near 900 nm. When the pump wavelength is 904 nm and phasematched angle is 51.046°, an almost vertical phase- matching curve from 1450 to 1650 nm can be obtained. The corresponding idler wavelength ranges from 2 to 2.4 m. Figure 14 shows the variation of angle ␥ with for the five curves in Fig. 12 . One can see that the direction of idler propagation deviates from that of the pump by 1°-6°inside the crystal. By using such a quasi-collinear configuration we can achieve signal amplification for broadband wavelength-division multiplexing fiber communication with a single pump wave. In Table 1 , two sets of broadband data with quasi-collinear phase matching in PPLN are compared. Broadband operation for a quasi-collinear QPM OPO can also be observed in PPKTP, PPKTA, and PPLT. Conditions for each type of crystal are shown in Tables 2, 3 , and 4, respectively.
DISCUSSIONS AND CONCLUSIONS
As we mentioned above, in a signal-resonated (idlerresonated) OPO with a noncollinear configuration RB and hence broadband operation can be observed only for pump wavelengths shorter (longer) than BC . Also, broadband operation for an idler-resonated OPO with a pump wavelength longer than BC can be obtained only at degenerate points.
Nevertheless, broadband phenomena for a signal-resonated OPO with a pump wavelength shorter than BC can be observed either at or away from the degenerate points. These rules are also true for quasicollinear configurations. They are actually quite general for all concerned quasi-phase-matched crystals and are valid for the BPM configuration.
Besides these trends, a few common phenomena for broadband operation based on quasi-phase-matched crystals deserve mention. First, as the pump wavelength approaches BC , the phase-matching angle for implementing a broadband OPO becomes smaller (closer to the collinear case). In this situation the broadband signal wavelength range is closer to the degenerate point and the signal bandwidth becomes larger. Second, the phasematched QPM period for a broadband OPO in a quasicollinear configuration is always smaller than that in a noncollinear scheme. With a shorter pump wavelength, the difference in QPM period becomes larger. Third, the phase-matching angles for a broadband OPO in the quasicollinear case become quite large, particularly with short pump wavelengths. With a shorter pump wavelength, the angle between idler and pump becomes larger. In this situation the overall efficiency will be reduced.
For noncollinear and quasi-collinear configurations, broadband generation can be obtained at the expense of nonlinear conversion efficiency. In both cases the advantage of increasing crystal length for enhancing conversion efficiency in the collinear configuration does not exist. Considering the operation of difference-frequency generation, the conversion efficiency depends on the degree of overlap of the incident pump and signal-idler beams. For the quasi-collinear case, if a waveguide structure is fabricated, the conversion efficiency is actually not degraded compared with that of a typical collinear configuration with a waveguide structure. This is so because usually the fabricated waveguide cannot guide the idler; the result is a situation similar to that for the quasicollinear configuration.
From the results reported above, one can see that the suitable pump wavelengths for broadband generation are always shorter than 900 nm. Such high-coherence pump sources are available commercially. For instance, a widely tunable narrow-bandwidth Ti:sapphire laser (with a ring cavity) should be useful for such operations. When a compact setup is required, such as for the application to fiber communications, highly coherent laser diodes based on GaAs/AlGaAs or GaAs/InGaAs quantum-well structures should be developed first.
In summary, we have numerically demonstrated the retracing behavior of a quasi phase-matching curve, which is the key phenomenon for broadband optical parametric processes. With QPM, vertical phase-matching curves and hence broadband operations exist in collinear, noncollinear, and quasi-collinear configurations. Broadband operation is feasible only at the degenerate point in the collinear configuration with a specific pump wavelength, BC . Such a constraint sets a significant limitation on applications. In particular, all the broadband signals of collinear phase-matched PPLN, PPKTP, PPKTA, PPLT, and quasi-phase-matched GaAs (the data are not discussed in this paper) are beyond the fiber communication wavelength range and biological window (650-1300 nm). With a noncollinear or quasi-collinear phase-matching configuration the conditions and output signal ranges of broadband operation are much more flexible, particularly those that are useful for fiber communication and optical imaging of biological tissues.
